G
ammaherpesviruses are lymphotropic viruses that maintain distinct lytic and latent life cycles (1) . Primary infections are generally asymptomatic in immunocompetent hosts, although Epstein-Barr virus (EBV) acute infection can result in the selflimiting lymphoproliferative syndrome infectious mononucleosis in young adults. Furthermore, EBV is associated with the development of several cancers in humans-including endemic Burkitt's lymphoma, nasopharyngeal carcinoma, and some Hodgkin's lymphomas (2) (3) (4) (5) (6) (7) (8) . The other known human gammaherpesvirus, Kaposi's sarcoma-associated herpesvirus (KSHV), has also been linked to various cancers-most notably primary effusion lymphoma (PEL) and multicentric Castleman's disease (9) (10) (11) (12) . Murine gammaherpesvirus 68 (MHV68) infection of laboratory strains of inbred mice has been extensively studied to characterize basic aspects of gammaherpesvirus pathogenesis in vivo. Similar to the human viruses, MHV68 has been associated with the induction of B cell lymphomas in immunosuppressed mice (13, 14) and has been used to immortalize fetal liver-derived B cells in vitro (15) .
Members of the gammaherpesvirus family predominantly infect and maintain latency in B cells (5, (16) (17) (18) . In fact, persistence of the latency reservoir is postulated to be dependent on viral reactivation from latency. Several reports have indicated a close link between plasma cell (PC) differentiation and viral reactivation from latency (19) (20) (21) . Previous work from our lab has demonstrated a distinct requirement for Blimp-1-mediated plasma cell differentiation in viral reactivation, long-term maintenance of latency, and persistence of long-term MHV68-specific antibody responses (22) . Recently, a strong link between plasma cell transcription factor X-box binding protein 1 (XBP-1) and viral reactivation has been reported for both EBV (23, 24) and KSHV (25) (26) (27) . These studies demonstrated that overexpression of XBP-1s in latently infected EBV or KSHV cell lines could induce production of the BZLF-1 and ORF50 gene products, respectively, transcription factors which have been shown to induce viral reactivation from latency (28) (29) (30) . Additionally, these data collectively demonstrate that XBP-1s binds to specific residues in the BZLF-1 and RTA promoters, as well as synergizing with RTA expression.
XBP-1, a basic region leucine zipper (bZIP) transcription factor (31) , has been shown to be essential for plasma cell function (32, 33) . XBP-1 is a member of the CREB/ATF family of transcription factors that was initially discovered due to its ability to bind cyclic AMP (cAMP) response sequences in the major histocompatibility complex (MHC) class II human gene locus (31) . Functionally, it plays an integral role in mediating the unfolded protein response (UPR) in the endoplasmic reticulum. Initially described in yeast, inositol-requiring enzyme 1 (IRE-1) is a transmembrane protein with kinase and endonuclease activity. It is activated in response to the accumulation of unfolded proteins and chaperones during cellular stress. Oligomerization and transautophosphorylation activate the endoribonuclease function of IRE-1. The only identified substrates for IRE-1 processing are the homologs Hac1 (yeast) and XBP-1 (metazoans). IRE-1 activation results in the removal of a 26-nucleotide intron in the XBP-1 transcript, changing it from the unspliced form XBP-1u (inhibitor of the UPR) to the spliced form XBP-1s (activator of the UPR). XBP-1 splicing results in the acquisition of a C-terminal transactivation domain (34) (35) (36) . As a result, XBP-1s targets expression of UPR genes, such as those for chaperone proteins, that mediate a survival response in the stressed cell. B cell differentiation into a plasma cell results in large quantities of immunoglobulin production, which induces the UPR. Additionally, XBP-1 expression is an integral component of mediating the UPR during plasma cell differentiation and permits immunoglobulin (Ig) secretion (32, 33, 37) .
This direct interaction between a plasma cell host transcription factor and the immediate early gene promoter of gene 50 indicates a viral evolutionary adaptation that senses changes in the viability of the host cell and signals an escape response, such as reactivation. However, due to the species-specific nature of the human gammaherpesviruses, there are no direct in vivo studies addressing the role of XBP-1 in plasma cell differentiation-mediated reactivation. As such, using MHV68 as a model system, we have evaluated the in vivo implications of loss of XBP-1 expression specifically in B cells on MHV68 latency and reactivation. A valuable transgenic model which selectively deletes XBP-1 expression from B cells has been previously described (38) and used in this study. Loss of XBP-1 expression in B cells was demonstrated to have no effect on germinal center or plasma cell frequencies but showed a defect in immunoglobulin secretion from plasma cells (38) . Here, we report that XBP-1s transactivation of the MHV68 gene 50 proximal promoter can be observed in vitro, consistent with studies on the impact of XBP-1 expression on EBV and KSHV immediate early gene expression (23) (24) (25) (26) (27) . However, we did not observe a requirement for B cell-specific XBP-1 expression to promote viral reactivation or maintenance of MHV68 latency in vivo. This unexpected observation points to the value of in vivo pathogenesis models, which help reveal the often complex and perhaps redundant network of host transcription factors that can modulate the viral life cycle. Additionally, in contrast to the apparent lack of a role for XBP-1 in MHV68 reactivation, we show that another host transcription factor, IRF4 -which is essential for plasma cell differentiation-plays a critical role in MHV68 reactivation from B cell latency. Notably, IRF4 has been implicated in EBV transformation of human B lymphocytes (39) . However, the role of IRF4 in reactivation from B cells for the human gammaherpesviruses still remains unknown.
MATERIALS AND METHODS
Promoters and expression vectors. The proximal ORF50 promoter (position 66142 to 66552 in viral genome) of MHV68 was cloned into a pGL4.10[luc 2] vector from Promega (pGL410-PpORF50). Primers used to amplify and clone the proximal promoter include forward primer 5=T CAGGGATTCAGCCAACAA3= and reverse primer 5=AAGGTGGTGGT TGCCAGC3=. NheI and EcoRV restriction enzymes were used to clone the promoter upstream of the luciferase expression construct. The XBP-1s expression vector was a kind gift of Xiaozhan Liang and was initially cloned into the murine stem cell virus (MSCV)-internal ribosome entry site (IRES)-green fluorescent protein (GFP) vector (Addgene). For experiments outlined in this work, the XBP-1s insert was cloned into the pCMV.Tag2b (Addgene) vector using the following primers: F-XBP-1s-BglII, 5=ccatcgaagatctATGGTGGTGGTGGCAGCGG3=, and R-XBP-1s-PstI, 5=ccatcgactgcagTTAGAGGCTTGGTGTATACATGGTCA3=, where lowercase letters indicate random nucleotides and restriction enzyme sequences and uppercase letters represent the complement of the gene that is targeted for amplification.
Tissue culture and promoter assays. The M12 B cell murine lymphoma cell line was used for promoter assays. Cells were plated in 6-well Corning tissue culture dishes at a density of 2.5 ϫ 10 5 cells/2 ml of medium 12 h prior to transfection. The lipid-based transfection was performed using the Transfectin lipid reagent (Bio-Rad). The protocol was designed based on the manufacturer's instructions. Briefly, a total of 2 g of DNA (pGL410-PpORF50 plus XBP-1s.pCMV.Tag2b) was added to 7 l of the lipid reagent and diluted in neat Dulbecco modified Eagle medium (DMEM). The mixture was allowed to incubate at room temperature for 20 min. Five hundred microliters of the master mix was dripped onto the plated B cells and gently swirled. At 12 h posttransfection, cells were treated with 20 ng/ml of 12-O-tetradecanoylphorbol-13-acetate (TPA) and/or a final concentration of 0.5 M ionomycin. Cells were allowed to incubate for an additional 12 h before harvesting and analysis of luciferase activity (Promega luciferase assay system).
Animals and infections. XBP-1 Flox/Flox CD19 CRE/ϩ C57BL/6 mice were a kind gift of Neal Iwakoshi. The mice were generated as previously described (38) and were bred in-house. In order to confirm the LoxP site at the XBP-1 exon 2 locus, we used the following primers: forward 3=loxS, 5=ACTTGCACCAACACTTGCCATTTC3=, and reverse 3=loxA, 5=CAAG GTGGTTCACTGCCTGTAATG3=. In order to confirm CD19-CRE recombinase insertion, we used the following primers: forward primer CRE-F, 5=GCGGTCTGGCAGTAAAAACTATC3=, and reverse primer CRE-R, 5=GTGAAACAGCATTGCTGTCACTT3=. As littermate (LM) controls in our experiments, we used XBP-1 fl/fl CD19 ϩ/ϩ mice that contain the floxed allele without Cre expression. IRF4 fl/fl mice and CD19 Cre/Cre mice were purchased from Jackson Labs (catalog numbers 009380 and 006785, respectively). IRF4 fl/fl mice were crossed with CD19 ϩ/CRE mice to generate Cre-expressing mice that were homozygous for the conditional IRF4 allele. The resulting IRF4
fl/fl CD19 Cre/ϩ mice express Cre recombinase under the CD19 promoter, thus lacking IRF4 expression in CD19-expressing B cells. As littermate controls in our experiments, we used IRF4 fl/fl CD19 ϩ/ϩ mice that contain the floxed allele without Cre expression. Genotyping was performed as described in the Jackson Labs protocol. Additionally, the IRF4 fl/fl mice contain an enhanced GFP (EGFP) cassette flanking the LoxP sites, such that Cre-mediated excision of the floxed alleles results in EGFP expression. Therefore, mice were confirmed by genotyping of ear tissue followed by flow cytometry analysis on peripheral blood to confirm expression of EGFP expression in the knockouts (KOs).
Animals were housed at the Emory University Division of Animal Resources in accordance with guidelines specified by the Institutional Animal Care and Use Committee at Emory University (IACUC; protocol number YER-2002245-031416GN). Mice were infected at 8 to 12 weeks of age. Animals were anesthetized with isoflurane prior to infection. The MHV68-H2bYFP virus (40) was administered intranasally in a 20-l volume at a dose of 1,000 PFU. For infections of IRF4 fl/fl CD19 ϩ/Cre and IRF4 fl/fl CD19 ϩ/ϩ mice, the M2stop.HY and M2MR.HY viruses described in reference 41 were used as indicated. Animals were sacrificed between days 16 and 18 postinfection for analysis of splenic populations.
Limiting dilution analysis. Limiting dilution PCR (LD-PCR) was used to quantify latent levels of viral genome as previously described (42) . Briefly, frozen splenocytes were thawed (after storage at Ϫ80°C in complete DMEM (cDMEM; DMEM to which fetal bovine serum [FBS], L-glutamine, penicillin, and streptomycin have been added) plus 10% dimethyl sulfoxide), washed in an isotonic buffer, and plated in a 96-well PCR plate at a starting density of 10 4 splenocytes and serially diluted 3-fold on a background of uninfected 3T12 cells. Each dilution underwent 12 PCRs, and each sample was serially diluted 6 times. Samples were digested with proteinase K overnight (8 to 12 h), followed by two rounds of nested PCR. Standards included 0, 0.1, 1, and 10 copies of a control DNA plasmid to determine viral DNA copy number. Samples were then run on a 2% agarose gel and stained with ethidium bromide. Wells positive for viral genome at each dilution were plotted using the Poisson distribution. A limiting dilution reactivation assay was performed to evaluate the frequency of viral genome reactivation from latency (42) . Briefly, 5 ϫ 10 6 splenocytes were explanted on a monolayer of mouse embryonic fibroblasts (MEFs) in a 96-well format. Splenocytes were serially diluted 2-fold in Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Cells were plated in 24 wells per dilution and diluted up to 12 dilutions. After 14 to 21 days of incubation, wells were monitored for cytopathic effect (CPE) and frequencies were plotted using the Poisson distribution. As a control, splenocytes were physically disrupted to release preformed virus using 0.5-mm silicon beads in a bead beater (beating for 1 min 4 times and resting on ice after every disruption cycle for 1 min). Homogenates were plated on MEFs as described above.
Antibodies. Splenocytes were blocked with anti-CD16/32 (BD Bioscience). Surface stains were performed in phosphate-buffered saline (PBS)-2% FBS-1 mM EDTA for 20 min on ice. Markers used were CD138-phycoerythrin (PE) (BD Bioscience), B220-Pacific Blue (BioLegend), CD95-PE-Cy7 (BD Biosciences), GL7-Alexa Fluor 660 (eBioscience), and CD3/4/8-peridinin chlorophyll protein (PerCP) (BD Bioscience). Fixable LIVE/DEAD stains in Zombie Yellow (Pacific Orange) were purchased from BioLegend and used according to the manufacturer's guidelines.
ELISA. Blood was collected during terminal bleeds. Serum was collected by allowing the blood to clot at 4°C for 1 h. Blood was centrifuged at 14,000 rpm at 4°C for 2 min. Serum was collected and frozen at Ϫ80°C for long-term storage. An enzyme-linked immunosorbent assay (ELISA) protocol was used as previously described (43) to measure global IgG and IgM levels. Briefly, 96-well Nunc Immuno MaxiSorp ELISA plates were coated with 0.5 g/well of goat anti-mouse IgG or IgM antibody (Southern Biotech). Serum was serially diluted (3-fold, beginning at 1:100), and 6 dilutions were plated for each sample. Alkaline phosphatase-conjugated goat anti-mouse IgG or IgM (Southern Biotech) was used as a secondary antibody. Color was developed using p-nitrophenyl phosphate (Sigma) in a diethanolamine substrate buffer. Absorbance at 405 nm was read on a BioTek Synergy HT reader.
RESULTS
Murine XBP-1s can transactivate the MHV68 ORF50 proximal promoter in vitro. Previous reports indicated the potential for the active spliced form of XBP-1 to transactivate the BZLF-1 promoter in EBV (23, 24) and RTA (encoded by gene 50) in KSHV (25) (26) (27) . To evaluate whether murine XBP-1s could regulate gene 50/RTA expression in MHV68, we transfected the murine M12 B lymphoma cell line with an expression construct expressing XBP-1s in conjunction with a luciferase reporter construct driven by the proximal gene 50 promoter (PpORF50) (Fig. 1 ). Cells were incubated for 12 h posttransfection in the presence and absence of treatment with the phorbol ester 12-O-tetradecanoylphorbol-13-acetate (TPA) and/or ionomycin (Fig. 1) . Notably, expression of XBP-1s alone was capable of inducing a 10-fold increase in PpORF50 activity relative to basal promoter activity. Treatment of the PpORF50 with only TPA or ionomycin alone modestly increased basal activity by 3-to 5-fold. Interestingly, cells expressing XBP-1s that were treated with either TPA, ionomycin, or both showed synergistic induction of promoter activity up to 50-fold over basal promoter activity (Fig. 1) . TPA and ionomycin induce protein kinase C-and Ca 2ϩ -mediated signaling, thus promoting B cell proliferation and mimicking the signals induced by B cell receptor (BCR) cross-linking (44) . Of note, CD40 and Ig crosslinking has been shown to induce MHV68 reactivation from latency (45) . Since XBP-1s reflects a stress signal in a terminally differentiating cell, it is evident that the virus has evolved mechanisms to reactivate from latency when the host cell is at risk of undergoing cell death. Thus, to ensure continuity of the latency reservoir, the immediate early gene product RTA (replication and transcription activator) is synthesized to promote viral reactivation from latency. The requirement for BCR cross-linking, costimulation (CD40), and plasma cell-specific transcription factors (XBP-1s and Blimp-1 [22] ) reflects the specificity and timely induction of viral reactivation from latency. (38) demonstrated that mice lacking XBP-1 expression in B cells could generate normal germinal center and plasma cell frequencies in response to challenge with a foreign antigen. Interestingly, they determined that XBP-1 expression occurred after B cells upregulated syndecan-1 (CD138), a receptor commonly used to identify the plasma cell population (46) . As such, B220 int CD138 ϩ cell frequencies were comparable to those of littermate control mice. The only defect observed in these animals was a significant reduction in global levels of IgG and IgM in the periphery (38) . tical in knockout (KO) and littermate (LM) controls ( Fig. 2A and  B) . Additionally, the frequencies of B220 int CD138 ϩ plasma cells were also comparable in both KOs and LMs ( Fig. 2A and C) .We next evaluated the concentration of total IgM and IgG levels from sera collected at day 18 postinfection (Fig. 3) . As reported earlier (38) , upon MHV68 infection, XBP-1 flox/flox CD19 CRE/ϩ animals failed to mount both an IgM and IgG response compared to LM controls ( Fig. 3A and B) . Taken together, these data suggest that XBP-1 expression in B cells is not required for the generation of germinal center and plasma cell responses during an MHV68 infection but is required for Ig secretion and generation of a virusspecific humoral response. (Fig. 5A and B) . Interestingly, the frequency of YFP ϩ B cells with a plasma cell phenotype was significantly lower in XBP-1 flox/flox CD19 CRE/ϩ mice (x ϭ 9%) than in LMs (x ϭ 15%) ( Fig. 5A and C) . As expected, frequencies of infected germinal center B cells were comparable (LM x ϭ 7.8% and KO x ϭ 7.4%) ( Fig. 6A and B) . However, when we compared the frequencies of plasma cells that were infected with the virus, we noted a modest decrease in the frequency of infection in KOs compared to LM controls that was not statistically significant (LM x ϭ 6.6% and KO x ϭ 4.5%) (Fig. 6A and C) . Since the efficiency of viral infection of the plasma cell repertoire was not significantly compromised in XBP-1 flox/flox CD19 CRE/ϩ mouse infections compared to LM controls (Fig. 6C) , the defect observed in the frequency of YFP ϩ cells that have a plasma cell (PC) phenotype during an XBP-1 flox/flox CD19 CRE/ϩ mouse infection (Fig. 5C ) cannot be explained by inefficient infection of that cellular subset. The basis for this defect is unclear at this point. However, this prompted a key question of whether a reduction in the levels of YFP ϩ cells with a plasma cell phenotype could affect the frequency of cells reactivating virus.
Global frequency of MHV68-infected B cells is unaltered in
XBP-1s expression in B cells is not essential in vivo for viral reactivation or persistence. Several studies of EBV, KSHV, and MHV68 have suggested a strong link between plasma cell differentiation and virus reactivation (19) (20) (21) . As discussed above, our in vitro assays strongly suggested a role for XBP-1s in regulating viral reactivation from latency (Fig. 1) . Since we observed a significant decrease in the frequency of YFP ϩ cells with a plasma cell phenotype in KO versus LM controls (Fig. 5C) , we wanted to determine if there was a defect in MHV68 reactivation from latently infected splenocytes, where the vast majority of latently infected cells are B cells. As such, we conducted limiting dilution reactivation assays to evaluate the frequency of cells reactivating from latency at day 18 postinfection. Surprisingly, loss of XBP-1 expression in B cells did not 
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CRE/ϩ mice (1:10,543) compared to LM controls (1:8,336) (Fig.  7A) . As expected, viral genome loads were comparable in KO (1:488) and LM (1:474) animals (Fig. 7B) . Notably, however, slightly higher levels of preformed infectious virus were detected in splenocytes recovered from littermate control animals than in those from KO mice ( Fig. 7A; see disrupted samples) . This difference was statistically significant when lysates from 10 5 mechanically disrupted splenocytes were plated (P ϭ 0.04). Overall, this raises the possibility that XBP-1 may contribute in vivo to either virus reactivation or replication in B cells-even though this contribution was not apparent upon ex vivo culture of latently infected splenocytes.
IRF4 expression in B cells is required for MHV68 reactivation from latency and maintenance of latency. The interferon response factor 4 (IRF4) is another key transcription factor involved in plasma cell differentiation. B cells deficient in IRF4 expression have diminished germinal center responses and cannot generate a plasma cell response (48, 49) . We recently demonstrated that the unique MHV68 gene product, M2, is capable of inducing IRF4 expression via activation of NFAT and promotes interleukin-10 (IL-10) expression from B cells (41) . Infection of IRF4 fl/fl mice with a recombinant virus that expresses Cre recombinase resulted in a significant defect in the establishment of latency, along with a greater defect in viral reactivation (41) . This novel finding suggested a close link between viral reactivation and a requirement for IRF4 expression. However, since IRF4 is expressed in cell types other than B cells and since the virus can infect macrophages and dendritic cells, we could not infer that the requirement for reactivation was contingent on IRF4 expression in B cells. Given that XBP-1 does not appear to be involved in controlling MHV68 reactivation from latently infected B cells, along with our previous demonstration that there is only a moderate requirement for Blimp-1 (22), we hypothesized that IRF4 may be a vital player in reactivation associated with plasma cell differentiation upon MHV68 infection of mice.
To address the requirement for IRF4 in a more direct fashion, we used mice in which IRF4 was specifically deleted in B cells. We have recently shown that M2, a viral gene unique to MHV68, is sufficient to drive plasma cell differentiation in a B cell line (21) and to induce IRF4 expression in B cells (41) . Since the phenotype (Fig. 8C , compare KO-MR and LM-MR infected animals). However, it should be noted that the basal level of germinal center B cells was also substantially lower in IRF4 B cell knockout mice (Fig. 8C , KO-Naive). Indeed, the fold increases in splenic germinal center B cells (naive mice versus MHV68-infected mice) were very similar when comparing littermate control and IRF4 B cell knockout mice (ca. 20-fold for the IRF4 KOs versus ca. 15-fold for the littermate control animals) (Fig. 8C) . We next assessed the percentage of total plasma cells, defined by B220 int CD138 ϩ cells. As expected, there was a significant difference in the percentage of plasma cells in the IRF4 KO animals compared to littermate controls (Fig. 8D) . While in littermate control animals there was a nearly 4-fold increase in the number of splenic plasma cells in marker rescue-infected mice, there was only a 1.3-fold increase in the IRF4 KO animals (Fig. 8D) .
Given the significant impact of loss of IRF4 expression in B cells on the splenic plasma cell response, we next assessed the impact of loss of IRF4 in B cells on MHV68 reactivation from latency (Fig. 8A) . Notably, littermate control animals (LM) infected with M2stop marker rescue virus exhibited the expected frequency of reactivating splenocytes (compared to historical values for wild-type MHV68 reactivation from C57BL/76 splenocytes at day 16 postinfection) (Fig. 8A) . In contrast, reactivation of splenocytes from IRF4 KO mice infected with the M2stop marker rescue virus exhibited an approximately 30-fold defect (1 in 3,954 cells reactivating virus in littermate controls versus 1 in 115,877 cells in IRF4 KO mice). Importantly, infection of littermate control animals with the M2 null mutant (M2stop) yielded a very similar reactivation defect (Fig. 8A )-consistent with a major component of M2 function being induction of IRF4 expression in latently infected B cells (41) . However, it is also notable that infection of IRF4 knockout mice with the M2 null mutant resulted in a more severe defect in reactivation from latency (1 in 630,957 cells reactivating virus), suggesting that the complete loss of IRF4 is more severe than the loss of IRF4 induction mediated by M2 (i.e., there may be, alternatively, M2-independent mechanisms to induce IRF4 expression in B cells during virus infection). Finally, not surprisingly, the amount of preformed infectious virus present in the day 16 samples mirrored the levels of virus reactivation observed-but did not interfere with accurate assessments of the frequency of splenocytes reactivating virus (Fig. 8B) .
DISCUSSION
Here, we have shown that while XBP-1s can activate the MHV68 immediate early gene 50 proximal promoter, which drives expression of the essential transcriptional activator RTA, it is not required for MHV68 reactivation from latently infected B cells as assessed by a limiting dilution ex vivo reactivation analysis of latently infected splenocytes. However, it is possible that XBP-1s plays a role in activation of gene 50 transcription in B cells under other conditions (e.g., in response to specific stimuli) or from other infected cell types. Notwithstanding these possibilities, the data presented here bring into question the significance of studies to date that have demonstrated the ability of XBP-1s to activate EBV and KSHV immediate early gene expression-all of which have exclusively relied on studies in tissue culture models.
Notably, the requirement for IRF4 expression in B cells for efficient MHV68 reactivation from latently infected splenic B cells likely reflects the essential role that IRF4 plays in plasma cell differentiation. This is based on (i) our earlier studies that demonstrated that the vast majority of MHV68 reactivation from splenocytes arises from the infected splenic plasma cell population (21) and (ii) the fact that we have failed to detect IRF4 transactivation of any of the identified gene 50 promoters (data not shown). Taken together with the XBP-1 data, this suggests that there is another plasma cell factor that triggers gene 50 expression upon terminal differentiation of latently infected B cells. One logical possibility is Blimp-1, another cellular factor that is essential for plasma cells. Indeed, the phenotype in Blimp-1 B cell knockout mice is similar to that observed in IRF4 B cell knockout animals (22) . It is also possible that the loss of expression of a transcriptional repressor upon terminal differentiation is also involved in the induction of RTA expression. Further studies are required to identify the critical cis elements and trans-acting factors involved in the induction of MHV68 gene 50 transcription upon plasma cell differentiation.
Interestingly, the reactivation defect in the IRF4 flox/flox CD19 CRE/ϩ splenocytes is nearly identical to an M2-null virus phenotype. M2 is a unique gene product of MHV68 that is not required for acute viral replication in vivo but has a dose-and route-specific defect in establishment of latency and reactivation (50). Consistent with the requirement of M2 in reactivation, it is also required for the differentiation of infected B cells to become plasma cells (21) . Indeed, it was shown that M2 induction of IL-10 from B cells occurs via an NFATdependent induction of IRF4 (41) . In fact, when overexpressed in B cells, M2 has been shown to induce upregulation of IRF4, Blimp-1, and XBP-1 transcripts (21) . EBV has been shown to mimic BCR cross-linking and Ca 2ϩ signaling via the LMP2a protein product and was also shown to encode an IL-10 homolog (v-IL-10) (51, 52) . It is evident not only that this family of viruses has evolved to respond to changes in B cell differentiation state but also that they appear capable of modulating B cell differentiation. This likely reflects the requirement for proper expansion of the B cell reservoir in order to efficiently establish viral latency (53) .
Finally, SAP Ϫ/Ϫ (54) and IL21R Ϫ/Ϫ (C. M. Collins and S. H. Speck, unpublished data) mice infected with MHV68 display severe defects in viral reactivation and establishment of latency. Of note, both of these transgenic models show a defective generation or maintenance of the germinal center response, which also negatively impacts the plasma cell repertoire (55) (56) (57) . Once more, the loss of this cellular subset further supports viral dependency on this host cell for proper regulation of the viral life cycle. Together with our results presented above, it strongly establishes that the virus takes advantage of a healthy host by utilizing the normal B cell differentiation that occurs in response to viral infection. The ability of MHV68 to induce B cell differentiation, as well as respond to plasma cell-specific transcription factors, reflects a close link between the viral life cycle and the plasma cell niche. Our data suggest a role for multiple redundant plasma cell-specific transcription factors in modulating the viral life cycle. Finally, the data presented here emphasize the importance of in vivo pathogenesis studies in identifying those host cell factors and cellular reservoirs that are required for gammaherpesvirus infection. 
